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ABSTRACT

Parts or products machined from high performance metals are very expensive,
partly due to the processing complexities during manufacturing. Therefore, many high
performance metal parts users, such as the aerospace industry, mold/die casting industry,
heavy machinery consumers etc., extend the service of these damaged parts by employing
repair or remanufacturing technology. The research objective is to use laser deposition
and machining processes to repair titanium parts.

This thesis discusses a new way of approach for developing a repair process for
Ti-6Al-4V for the aerospace industry using Laser Metal Deposition (LMD). The repairs
were conducted in a multi-axis hybrid manufacturing systems in which the laser
deposition and the machining processes are integrated. The study broadly included
preparing the defects, laser deposition, machining, sample preparations and mechanical
tests. Comparative study of mechanical properties (UTS, YS, percentage elongation) of
the repaired samples to the ideal conditions was undertaken. The research throws up
interesting facts where the data from the test sample shows enhancement of properties of
the repaired part.
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ABSTRACT

Parts or products from high performance metal are very expensive, partly due to
the processing complexities during manufacturing. The purpose of this project is to use
additive laser deposition and machining processes to repair titanium parts, thus extending
the service life of these parts. The study broadly included preparing the defects, laser
deposition, machining, sample preparation and mechanical tests. Comparative study of
mechanical properties (UTS, YS, percentage elongation) of the repaired samples to the
ideal conditions was undertaken. The research throws up interesting facts where the data
from the test sample shows enhancement of properties of the repaired part.
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1. INTRODUCTION

In recent years, the significance of using laser metal powder deposition for repair
has increased manifolds. This research paper focuses on development of a reliable repair
process of damaged Ti-6Al-4V parts using hybrid manufacturing technology at in house
Laser Aided Manufacturing Process (LAMP) Laboratory. The basic principle of the laser
process is a laser beam creating a metallurgical bond between the damaged surface area
of a part, known as the substrate, and the added repair material, which is a metal powder
[1]. The focused laser beam melts the surface of the target material and generates a small
molten pool of base material. Powder delivered into this same spot is absorbed into the
melt pool, thus generating a deposit that may range from 0.005 to 0.040 in. thick and
0.040 to 0.160 in. wide. The resulting deposits may then be used to build or repair metal
parts for a variety of different applications. The economic advantage of this process is the
value addition to the component by layer by layer deposition of material that significantly
increases the operating life of the component that needs to be run reliably over an
extended period of time.

Aerospace parts are generally very complex and expensive. It is found to be more
economical to repair the parts rather than procuring new parts, as the new parts are either
exorbitantly expensive or require a large lead time for delivery. In some cases the original
equipment manufacturer might be out of business. Under these circumstances repair is a
more viable and economical option for getting the parts restored to their original form.
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Conventional welding processes (i.e. tungsten inert gas or gas metal arc) create
heat affected zones in the substrates close to the weld. This often causes distortion or
change in properties, which makes the repair process even more difficult. Moreover, the
metallurgical properties of the heat affected zone can be different from the base material
far away from the weld. Laser deposition has a small and limited heat affected zone
which makes the weld less vulnerable to degradation of properties. Further, using this
process a better microstructure and a smaller dilution zone can be achieved. A schematic
diagram of laser metal deposition is shown in Figure 1.1. This allows for greater
repeatability and reproducibility of layer by layer deposition of material. The powder
filler material is fed by a nozzle in an inert gas atmosphere, as powder gives us more
flexibility of chemical composition of filler material.

Figure: 1.1: Schematic diagram of laser deposition process.
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1.1 LITERATURE REVIEW

During the life of a component it may be subject to local impacts, corrosion,
variable or regular thermal cycles and stresses, or other testing conditions with the
potential to cause local defects or cracking. For example, cracks can be initiated in welds
by mismatched creep properties, at geometric discontinuities in foundry goods on account
of residual thermal stresses, and in turbine shafts and blades owing to high-cycle fatigue
and corrosion [2]. Historically, fusion welding has been used for repair of surface cracks.
One of the first methods was tungsten inert gas (TIG) welding [3]. However, while
relatively easy to apply, this method produces a lot of heat and can cause high residual
stresses, resulting in distortion and heat-related effects in the base metal [4]. Plasma
transferred arc (PTA) welding and electron beam (EB) welding are alternative processes
requiring lower heat input but needing more complex and expensive apparatus. EB
welding, in particular, gives a very precise heat flux, but it needs a vacuum environment
so is more expensive and difficult to apply to larger parts [5]. The high velocity oxyfuel
(HVOF) thermal spraying technique is a procedure that has found use in many industries.
There is less component distortion than with TIG welding and it has many advantages
over plasma spraying, including deposition of a thicker and lower-porosity coating.
However, tight control of depth and spread of deposited material is not possible, meaning
an extensive secondary machining stage is usually required.[6]

The process of laser metal deposition (LMD) is well suited to surface repair
applications. LMD involves creating a moving melt pool on a metal surface using a laser
and blowing metal powder of the same or a different type into it using an inert gas
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stream. The added material increases the size of the pool, which rapidly solidifies into a
raised track when the laser moves on.[7] The technology is an extension of rapid
prototyping, however, in contrast to most rapid prototyping processes, LMD produces
fully dense, functional metal parts. Parts are made directly from the computer- aided
design (CAD) drawing by depositing metal powder pixel-by-pixel utilizing laser melting
and a patented closed-loop control system to maintain dimension and quality).[8] The
LMD process fabricates, in a single step, the required components already with the final
material, with mechanical properties close to or, in some cases, higher than those
obtained with conventional processes. It can make parts with extremely complex
geometries, usually oversized of 0.025 mm, so after a quick cleaning, to obtain the
tolerances and the surface finishes required, they are ready to use. Data show that it is
possible to obtain equivalent and superior properties to those of wrought annealed
materials.[9] Chemical homogenization is achieved through randomization of
composition by using powders as input material and by limiting chemical diffusion in the
liquid state to the boundaries of the small molten pool that is used to deposit the entire
component. Moreover, the high solidification rate, resulting from the narrow HAZ (HeatAffected Zone), and the high temperature gradients, which are generated around the
molten pool, allows a fine grain microstructure.[10]

One of the area’s best suited for LMD is remanufacturing of worn out and/or
damaged components. LMD can rebuild worn out or corroded surfaces by adding the
same or similar metal to the damaged part. The concentrated heat of the laser source
limits the size of the heat affected zone (HAZ) and minimizes microstructural damage of
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the parent part. This ensures that the integrity of the repaired part is good.[11] LMD
technology can be used to improve wear, corrosion, fatigue resistance, and other
mechanical properties of expensive industrial components. Based on the damage pattern
of high cost industrial components, selective deposition can be applied on new parts to
obtain significant life enhancement in these critical parts.[12]

1.2 GOVERNING EQUATIONS

To analyze the effect of Laser beam during the repair process by laser metal
deposition(LMD) we have to know the energy parameters, namely, the absorbed part of
the incident radiation flux, the highest flux energy density, the pulse duration, the spatial
distribution of the energy density and the focusing condition. This is done in order to find
the perfect parameters during the LMD repair process. The governing equations below
help us in calculating the perfect energy balance in the laser; so that we get the optimum
power level, lesser heat affected zone as well as the desired microstructure of the repaired
substrate.

If we know the temperature field produced by the laser beam, in the damaged
substrate we can determine the critical power density which is needed to reach the given
temperature at a given point or in a given volume of the material in a given time interval
τ. For instance, we can determine the power density resulting in disintegration of the
damaged substrate. By disintegration, we can mean the temperature increase on the
surface of the damaged substrate upto the melting point Tm or the boiling point Tb under
normal pressure.
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To determine the radiation power density needed to obtain the temperature Tm on
the damaged surface, we can use the one-dimensional model of heating of a semi-infinite
body (Ti64 substrate) by heat source (laser) with the intensity constant in time:

q

c

=

0 .8 8 5 T m λ
1
(α τ ) 2

(1)

Where τ is the pulse duration
α is the divergence of laser
λ is the wavelength

Equation (1) shows that the critical power density qC increases with increasing melting
temperature, heat conductivity and specific heat of the substrate and decreases with the
increasing duration of the radiation pulse. This equation can be used to estimate the
critical power densities which must not be exceeded in the LMD process during repair
work.[13]
The one-dimensional model of heating of the damaged substrate by the constant
intensity laser can be used to find the time needed τ m to obtain the temperature Tm on the
damaged substrate surface:

τm

0 .7 9 T m 2 λ 2
=
q 0 2α

Where, q0 is power density

(2)
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The time required to reach a given temperature on the surface of the damaged substrate
increases with increasing melting temperature, heat conductivity and specific heat of the
Ti64 and decreases with increasing radiation power density.

Let us now estimate the rates of heating and cooling of the Ti64 in the repair
process by a simple one dimensional model of the heating of the damaged substrate by a
constant intensity Laser. To find the cooling rate, we shall introduce the concept of a heat
sink. The heat sink is a heat source with the negative intensity equal in magnitude to the
intensity of our source which starts operating later than our source by the time τ. During
our repair process the heat sink being the substrate. Then the one-dimensional
temperature field T due to the effect of a constant intensity heat source (laser beam) in a
semi-infinite body can be written for the time:

T ( z,τ ) =

2q0

λ

( ατ

z
3

ατ

− α (τ −τ i ) 3 α (τz−τ ) )

(3)

i

Where, z is vector normal to the surface
Hence we obtain an expression for the rate of cooling v c of the surface after the end of
the radiation pulse:

vc =

∂ T ( 0,τ )
∂τ
τ >τ i

=

q0

πλ c ρ

(

1

τ

−

1
τ −τ i

)

(4)

Where, cρ is the specific heat
When the substrate is heated by a normal distribution laser source on its surface we can
find the expression for the heating rate vhn from temperature field
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v hn =

2 q0 exp[ −

λ

z2

4ατ

r2
4ατ + k −1

−

]

π (1 + 4 π α k )

α
τ

(5)

Where, k is Boltzmann constant
r is radius of damaged portion
If the depth of the cavity is considerably larger than its diameter, the heat affected zone
can be determined from the model of a semi-infinite cylinder (damaged cavity) with the
radius r0 in the body with the radius rc and with a constant intensity heat source (laser)
on its internal surface.[13]
This problem can be readily solved in cylindrical coordinates by means of a
Laplace transformation in τ

 2[ ( 2 n +1)( c r0 −1) − ( c r0 − r r0 ) ] 
3 ατ 2
∞ 

r0

×∑

( 2 n +1)( rc r −1) + ( rc r − r r )
0
0
0
n = 0  + 2[
]
3 ατ 2
r0


r

T ( r ,τ ) =

q 0 r0

ατ

λ

r0 r

r

(6)
Where, n is density of photon absorbing electron
Where r0 is the radius of the cavity in the damaged substrate
Where

rc

r0

>> 1 as is typical for the most applications Eq. (6) can be approximated by

T ( r ,τ ) =

2 q 0 r0

ατ

πλ

r0 r

For r ≈ r0 , that is near the surface of the cavity, we have

(7)
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T (r0 ,τ ) =

2 q0 ατ

πλ

(8)

The above equation estimates yield the shape and size of heat affected zone.

The temperature distribution in the damaged substrate is analyzed with the model
of a semi-infinite thin disc heated by a laser source with the power uniformly distributed
over the area. The solution of the temperature distribution problem can be shown as:

T (r,τ ) =

AP
4πλh

[ln(

4ατ
Cr 2

)+

rf 2
2ατ

1
ln( 4Crατ2 ) + 4ατ
(rf 2 + r 2 − 2rf 2 ln rf r )]

(9)

T (r,τ ) =

AP
4πλh

[ln(

4ατ
Cr 2

rf 2

) + 2ατ ln( 4Crατ2 )

1
+ 4ατ
(rf 2 + r2 − 2rf 2 ln rf r )]

(10)

Where, AP is power of laser
h is Planks constant
Where C = 1.781. For Titanium and rf = 0.1 cm. Eq (9) is applicable for τ > 0.1 s.
assuming that at the moment τ m we have r = rf and T = Tm we obtain

Tm =

APm
4πλ h

4ατ m

rf 2

4ατ m

rf 2

[ln( Cr 2 ) + 2α im ln( Cr 2 ) + 2ατ m ]
f

f

(11)

Let us now analyze the variation in the solidification rate of a small volume of the
molten metal with time. The problem can be approximated by a one-dimensional model
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since the depth of the molten pool is considerably smaller than its diameter with the laser
pulse duration. Assume that by the end of the laser pulse, the superheating of the molten
metal is not high and the temperature distribution in the molten pool is uniform owing to
convective heat transfer in it. Then the solidification rate vm can be written as:

vm = b

α

τ

(12)

Where b is a constant found as a root of the following equation:
c ( Tm − T0 )
Lm π

= b exp(b 2 )

(13)

And T0 is the initial temperature of the metal.
Lm is the length of the optical path between the laser diaphragm and the
substrate
The position of the solidification front is given by

z (τ ) = 2b ατ

(14)

It can be estimated from equation (12)-(14) that for titanium (b= 0.75) the molten pool is
solidified within a few milliseconds.[13]
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2. CONCEPT AND PROCESS

The research objective is to use laser deposition and machining processes to repair
damaged titanium parts of alloy Ti-6Al-4V (Ti64). The ability to repair Ti64 parts with
sound microstructure using metal additive processes is currently at nascent stage. This
effort is a significant enabler to the metal repair technology by using hybrid laser
deposition and machining technology that is currently rudimentary and limiting
implementation of the technology.

Ti64 is essentially alpha-beta structured Titanium alloy which have an excellent
combination of strength and ductility. They are stronger than the alpha or beta alloys.
Welding alpha-beta alloy titanium can significantly change strength, ductility and
toughness characteristics as a result of the thermal cycles to which they are exposed. The
change in the ductility can be attributed to the phase transformation of the alloy. Keeping
the power level of the Laser as well as the time of deposition to the optimum parameters
we can get better ductility from the repaired samples. Equation (1) & (2) helps in
calculating the optimum parametric value for the LMD process.

Ti64 has an excellent

weldability, which can be attributed to two principle factors. First, the alpha-prime
martensitic that forms in the Ti64 is not as hard and brittle as that exhibited by more
heavily beta-stabilized alloys. Secondly, Ti64 exhibits a relatively low hardenability on
cooling from solution treatment temperatures. This behavior allows the formation of
higher proportion of the more desirable Widmanstten alpha-plus-retained beta
microstructure even at relatively high rates of weld cooling. Ti64 when welded with filler
metal of matching composition of extra low interstitial grade, it improves the ductility
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and toughness. Due to its single phase mode of solidification (i.e. absence of low melting
point eutectics), Ti64 is also highly resistant to solidification related and liquation related
cracking [14]. We calculate the solidification rate of the melt pool using Equations (12),
(13), (14). It is found that Ti64 solidifies in few milliseconds as found by the governing
equations.

From the current historical data available from the aerospace industry, there
are different types of defects found in components. These defects may arise from
numerous reasons like fatigue to manufacturing.

These were further classified into

different categories. They broadly are deformation defect, undercut defect, cutter pull out
defect and cutter mark defect. The classification were carried out in order to give us a
better understanding of the damages and to come up with a reliable repair process. The
classification follows a common pattern evolved during the gathering of data from
abundant damaged samples provided by the industry participant. Figure 2.1 shows a
standard test part provided by the industry participant. All such major defects were
replicated in test parts provided by the industry participant.

Figure. 2.1: Standard test part
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A procedure involving metal additive and subtractive processes will be investigated.
Experiments to validate the procedure for Ti64 samples will be carried out. The work
will consist of four tasks:
Task 1: Sample preparation process study: a procedure for preparation of repair samples
is necessary, such as to clean the damaged surface and to determine or make access for
tools to reach the damaged area. This could also involve minimum machining.
Step 1. Finding optimum places for creating the damages – care should be taken
that the laser nozzle path should be clear of any obstruction during laser metal
deposition.
Step 2. Creating the damage (four types of damages) at the designated places –
there was a need to cut down the block into four parts for better fixturing in the
Laser deposition and CNC machine.
Step 3. Checking for foreign particles left in the damaged area. If necessary, a
blasting process was applied for removal of all unwanted particles.
Step 4. Tool Path Planning – Tool path was calculated for machining the damaged
surface, so that Laser Metal Deposition could be performed for the repair. Precise
path planning was done to have an optimum temperature distribution all
throughout. Equations (9), (10), (11) help us determining the temperature
distribution over the LMD surface.
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Task 2: Sample repair via additive technology: to generate the deposition path based on
measured data will be investigated. The optimal deposition parameters and setup for
Ti64 deposition will also be studied.
Step 1. Path planning for Laser Metal Deposition (LMD). This step required
precise planning because the laser nozzle has a limited work envelope.
Calculations were needed for the time of deposition and preheat pass. Equation
(2) determines the time of deposition. We find

τ m to determine the time required

for the LMD.
Step 2. Keeping the Heat Affected Zone (HAZ) to the minimum. Equations (3),
(4), (5) help us determining the HAZ. The equation estimates yield the shape and
size of heat affected zone. Figure 2.2 shows a laser deposited repaired part.

Figure. 2.2: Laser deposited parts
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Task 3: Sample machining/finishing: Samples were machined to original shape.
Step 1. Creating Samples – Next was to cut out samples from the repaired portion
of the part. Specimens were chosen in such a way that the test area is the most
vulnerable spot of the test part. The aim was to cut out the maximum number of
test specimens as possible, in order to reduce the variations in the results.
Step 2. CNC machining – Cut out the repaired part from the major block.
Optimized the cut-out part to get the maximum number of test samples. Milled the
surface from both sides to get the samples. Machined samples can be seen in
Figure 2.3.
Step 3. The samples were created at the zone between the bonding of the laser
deposition to the substrate, and can be seen in Figure 2.4.

Figure. 2.3: Test specimen
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Figure. 2.4: Test specimen zone

Task 4. Sample microstructure: Repair samples will be tested for microstructure analysis,
UTS, YTS and % Elongation.
Step 1. Tensile Test – From the test specimens, tests were conducted for the UTS,
YS, and % Elongation. The values were then calculated for the UTS, YS, and %
Elongation.
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3. EXPERIMENT

Laser metal deposition was carried out using a diode laser, which produces a
single wavelength laser at power level upto 1000 watts. The system is manufactured at
808 nm and is ideally suited for welding, cladding and surface modification. Its armored
1mm fiber is mounted on a Precitec YC50 laser cladding head. A NI real time controller
is used to control the laser. The powder feeder can deliver powder at a rate as low as 0.1
g/min. The whole system is mounted on a Fadal 5 axis CNC machine which is used as the
motion driver. This can be viewed in Figure 3.1. The deposition nozzle is mounted on the
side of the spindle, which forms a hybrid manufacturing system on a single workstation
as shown in Figure 3.2 a multi-axis planning system (MAPS) was used to generate a laser
deposition tool path by slicing the solid model.
Shielding

Laser

Gases Hose

Column

Extra

Holding Vice

Shielding
Vice Motion
Controller
Damaged
Sample
Figure. 3.1: Laser deposition process in progress

Before the actual laser metal deposition a pre heat pass was generated at 1000 watts to
bring the substrate to a higher temperature in order for the powder to get a better bonding
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during the actual deposition. The metal deposition was carried out at 800 watts of laser
power at powder feed rate of 8g/min.

Figure. 3.2: Dimensions of test specimen (inches)

The machining operation was carried out on a 5 axis CNC machining center. The
milling operations were performed using 0.25” and 0.5” face milling tools at a feed rate
of 24in/min and a spindle speed of 6000rpm. The z axis depth varied at not more than
0.005” per cut. The profile cutting of the specimen was performed using 0.1mm diameter
tool at a feed rate of 2 in/min at a spindle speed of 24,000 rpm. The z axis depth was not
more than 2mm. The milling operation can be viewed in Figure 3.3.

The samples were taken out of a transitional zone between the deposited layer and
the substrate as shown in Figure. 2.3.
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Coolant
Gun
Tool
Tool

Head

Tip
Work
Holding

piece

Vice

Figure.3.3: Milling operation

The tensile tests were carried out using a MTS universal testing machine. The
load varied through a wide range reaching upto a maximum 1600 lb over a time period of
20min. The resultant graph plotted for the UTS and YS is shown in Figure. 3.4.
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Figure. 3.4: UTS, YS graph of a repaired sample
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4. TESTS & RESULTS

Ultimate tensile strength (UTS), is the maximum stress that a material can
withstand while being stretched or pulled before failing or breaking. The UTS gives us a
fair idea of the strength of the material as it is the resistance offered by the material to a
force tending to tear it apart. The UTS is usually found by performing a tensile test and
recording the stress versus strain; the highest point of the stress strain curve is the UTS.
Stress is the ratio of the applied load to the cross-sectional area of an element in the
tension and is expressed in pounds per square inch (psi)

Stress (σ) = Load (L)
Area (A)

(15)

Strain is a measure of the deformation of the material.
Strain (ε) = change in length (ΔL)
Original length (L)

(16)

Yield Strength (YS) is the indication of maximum stress that can be developed in
a material without causing plastic deformation. It is the stress at which a material exhibits
a specified permanent deformation and is a practical approximation of elastic limit.
Offset yield strength is determined from a stress-strain diagram. It is the stress
corresponding to the intersection of the stress-strain curve, and a line parallel to its
straight line portion offset by a specified strain. Offset for metals are usually specified as
0.2%, i.e., the intersection of the offset line and the 0-stress axis is at 0.2% strain. This
can be viewed in Figure.3.4.

The percentage elongation is the maximum elongation of the gage length divided
by the original gage length.
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Percent elongation = final gage length – initial gage length
Initial gage length

(17)

The above parameters were chosen to make a comparative study between the properties
of the original substrate and that of the repaired samples, in order for us to determine the
reliability of the repair process [15].

The tensile strength tests were carried out using the MTS tensile strength test
machine. The result for the test for the undercut defect is shown in Table 4.1. The normal
value of Ultimate Tensile Strength (UTS) for a virgin Ti64 substrate is 950 MPa. The
value for Yield Strength (YS) of a Ti64 substrate is 880 MPa. The normal percentage
elongation (% elongation) is 14%. The substrate data gives us a fair idea of our test result.

Table 4.1:UTS, YS, and % Elongation of undercut defect
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Table 4.2 shows the result from the cutter pull out defect. We can see that the
value for the UTS, YS, and % elongation is on the higher side than that of the virgin
substrate. Table 4.3 shows the result for the deformation defect. Here the results are very
close to the data for the virgin substrate.

Table 4.2: UTS, YS, and % Elongation of cutter pull out defect

Table 4.3: UTS, YS, and % Elongation of deformation defect
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Table 4.4 shows a comparative study of the UTS of the various samples, from all
types of defects, to the value of the substrate. We can see that the average values of UTS
for the deformed defect and undercut defect are very close to that of the substrate. On the
other hand the average value of the cutter pull out defect is slightly higher than that of the
substrate.
Table 4.4: Comparative study UTS results

Table 4.5 shows a comparative study of the YS of the various samples from all
types of the defect to the value of the substrate. We can see that the average values of YS
of deformed defect and undercut defect is very close to that of the substrate. On the other
hand the average value of the cutter pull out defect is slightly higher than that of the
substrate. This is very much similar to the result of the UTS comparative study.
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Table 4.5: Comparative study of YS result

Table 4.6 below shows a comparative study of the % elongation of the various
samples from all types of defects, to the value of the substrate. We can see that the

Table 4.6: Comparative study of % Elongation result
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average value of % elongation for the cutter pull out defect is very close to that of the
substrate. On the other hand the average value of the deformed defect and undercut defect
are slightly higher than that of the substrate. We can also see that the variation in the data
is slightly more than that of the other comparative study.

4.1 STATISTICAL ANALYSIS

Data analysis was conducted in order to better understand the data generated from
the research activity. Table 4.7 shows the basic statistical analysis of the data obtained
from the UTS test from the various defects. Here we see that the mean value being 972.9
MPa and the median value being 967.0 MPa. This is close to the ideal value of 950 MPa
for standard Ti64 sample. The minimum value being 882 MPa and the maximum value

Table 4.7: Basic statistical analysis of UTS data

UTS DATA
mean

972.9

median

967.0

max

1102.0

min

882.0

range

220.0

skewness

0.424376636

kurtosis

-0.632041227

variance

3483.290476

standard deviation

59.01940762
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being 1102 MPa with a range of 220MPa which was generated form 21 different
samples. Figure 4.1 shows the histogram chart for the UTS data.

Figure. 4.1: Histogram chart for UTS data (MPA)

The table also shows a skewness of 0.4244 on the positive side for the data.
Positive skewness can be also witnessed from the histogram. It is the measure of the
asymmetry of the probability distribution about the mean. Positive skewness shows that
the data has a longer tail on the right hand side conversely it’s weighed more on the left
hand side. The left hand side data corresponds to the repaired samples of the undercut
defect. Figure 4.2 shows the control chart for the UTS Data.
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Figure. 4.2: UTS Control chart

The table also gives us the kurtosis value of -0.6320 which is a the measure
for the peakedness (width of peak) of the graph. Kurtosis also gives us valuable
information about the shape of the probability distribution graph of the data. This can be
witnessed from the normal distribution graph in Figure 4.3 From the data analysis we get
a variance of 3483. 2905. This indicates that the data is spread out from the mean value.
The standard deviation value of 59.0194 corresponds to the variance value. This also
shows us the distribution of the data about its mean value. Figure 4.2 is a control chart
graph for the UTS data generated. The upper limit for the data is 1149.93 MPa and the
lower limit is 795.87 MPa. The path generated from the control chart shows that the data
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is well under control and follows a definite pattern. In Figure.4.3 the normal distribution
graph peaks at 969 MPa which is very close to the ideal value of 950 MPa.

Figure. 4.3: UTS Normal distribution chart
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Table 4.8 shows the basic statistical analysis of the data obtained from the YS
test from the various defects. Here we see that the mean value being 923.7 MPa and the
median value being 925.0 MPa. This is close to the ideal value of 880 MPa for standard
Ti64 sample. The minimum value being 687 MPa and the maximum value being 1060
MPa with a range of 373MPa which was generated form 21 different samples. Figure 4.4
shows the histogram chart for the YS data.

Table 4.8: Basic statistical analysis of YS data

YS DATA
mean

923.7

median

925.0

max

1060.0

min

687.0

range

373.0

skewness

-1.349277349

kurtosis

2.326699568

variance

8727.414286

standard deviation

93.42063094
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Figure. 4.4: Histogram chart for UTS data (MPA)

The table also shows a skewness of 1.3493 on the negative side for the data.
Negative skewness can be also witnessed from the histogram. It is the measure of the
asymmetry of the probability distribution about the mean. Negative skewness shows that
the data has a longer tail on the left hand side conversely it’s weighed more on the right
hand side. This could be attributed to the fact that one data point generated has much less
value that the mean value, this leads to a large skewness in the graph on one side. The left
hand side data corresponds to the repaired samples of the deformation defect. Figure 4.5
shows the control chart for the YS Data.
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Figure. 4.5: YS Control chart

The table also gives us the kurtosis value of 2.3267 which is a the measure for
the peakedness (width of peak) of the graph. Kurtosis also gives us valuable information
about the shape of the probability distribution graph of the data. This can be witnessed
from the normal distribution graph in Figure 4.6 From the data analysis we get a variance
of 8727.4142. This indicates that the data is spread out from the mean value. The
standard deviation value of 93.4206 corresponds to the variance value. This also shows
us the distribution of the data about its mean value. Figure 4.5 is a control chart graph for
the UTS data generated. The upper limit for the data is 1103.96 MPa and the lower limit
is 643.44 MPa. The path generated from the control chart shows that the data is well
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under control and follows a definite pattern. In Figure 4.6 the normal distribution graph
peaks at 920 MPa which is very close to the ideal value of 880 MPa.

Figure. 4.6: YS Normal distribution chart
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Table 4.9 shows the basic statistical analysis of the data obtained from the
%Elongation test from the various defects. Here we see that the mean value being 17.9
and the median value being 18.5. This is close to the ideal value of 14 MPa for standard
Ti64 sample. The minimum value being 11.9 and the maximum value being 23 with a
range of 11 which was generated form 21 different samples. Figure 4.7 shows the
histogram chart for the % Elongation data.

Table 4.9: Basic statistical analysis of % Elongation data

% ELONGATION DATA
mean

17.9

median

18.5

max

23.0

min

11.9

range

11.0

skewness

-0.346111083

kurtosis

-0.928300152

variance

11.73775286

standard deviation

3.426040405

36

Figure. 4.7: Histogram chart for % Elongation data

The table also shows a skewness of 0.3461 on the negative side for the data.
Negative skewness can be also witnessed from the histogram. It is the measure of the
asymmetry of the probability distribution about the mean. Negative skewness shows that
the data has a longer tail on the left hand side conversely it’s weighed more on the right
hand side. The left hand side data corresponds to the repaired samples of the deformation
defect. Figure 4.8 shows the control chart for the % Elongation Data.
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Figure. 4.8: %Elongation control chart

The table also gives us the kurtosis value of -0.9283 is the measure for the
peakedness (width of peak) of the graph. Kurtosis also gives us valuable information
about the shape of the probability distribution graph of the data. This can be witnessed
from the normal distribution graph in Figure 4.9. From the data analysis we get a
variance of 11.7378. This indicates that the data is spread out from the mean value. The
standard deviation value of 3.4260 corresponds to the variance value. This also shows us
the distribution of the data about its mean value. Figure 4.8 is a control chart graph for
the UTS data generated. The upper limit for the data is 25.89 % and the lower limit is
8.61%.The path generated from the control chart shows that the data is well under control
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and follows a definite pattern. In Figure 4.9 the normal distribution graph peaks at 16.7%
which is very close to the ideal value of 14%.

Figure. 4.9: %Elongation normal distribution chart
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4.2 DISCUSSION OF RESULTS

The ideal properties for Ti-6Al-4V substrate are as follows:

UTS – 950 MPa
YS - 880 MPa
% Elongation – 14 %

The average value of the UTS and YS from the samples containing an undercut
defect is 946 MPa and 881.63 respectively [Table 4.1], which is very close to the ideal
value. The average value of the % elongation [Table 4.1] from the samples containing the
undercut defect is 19.34%, which is on the higher side. This shows an increase in the
ductility of the samples. The average value of the UTS and YS from the samples with the
cutter pull out defect is 1005.13 MPa and 981.88 [Table 4.2] respectively, which is on a
higher side of the ideal values. This shows an enhancement of mechanical properties in
the samples. The average value of the %elongation [Table 4.2] from the samples of the
cutter pull out defect is 15.87%, which is very close to the ideal value. The average value
of the UTS and YS from the samples containing a deformation defect is 967 MPa and
898 [Table 4.3] respectively, which is close to the ideal value. The average value of
the % elongation [Table 4.3] from the samples of the deformation defect is 19.04%,
which is on the higher side. Again, these shows and increase in the ductility of the
samples.
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From the above test results we can clearly see that the average value of data
gathered conforms closely to ideal properties of Ti64, although there was slight deviation
in the properties of few samples. Some samples yielded better results to the tune of 11%
more than the properties of ideal substrate. This can be attributed to the fact that
compressive stresses were induced in few damages. While creating the damage for the
deformation defect a force of 3500 N was used to induce the damage to the substrate. The
imposition of stress by an external agent usually creates some strain (deformation) in the
material, even if it is too small to be detected. In a solid material, such strain will in turn
generate an internal elastic stress, analogous to the reaction force of a stretched spring
tending to restore the material to its original undeformed state. This occurs largely due to
the transformation of the beta structure to alpha-beta structure which leads to increased
strength. Few of the samples also resulted in values lower than that of the ideal samples.
This can be concluded from the fact that, few samples had higher heat affected zone
during the Laser deposition process. It has been seen that properties of Titanium alter in
the areas of the heat affected zone immediately adjacent to the fission zone; specifically
those regions which reach temperatures above 1800 F [14]. The percentage elongation
changes directly indicate to the change in the ductility of the samples. The ductility of
Titanium drastically changes with its microstructure and the grain size change [16]. From
the results it is evident that the most fluctuations occurred in the percentage elongation
properties due to the change in the microstructure and the grain size of titanium. The
results from the UTS, YS tests follow a close proximity to the ideal value of a virgin
substrate, referring that the mechanical properties of the repaired samples has not been
altered to a large extent.
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Other factors which generally play a role in determining the properties of Ti64 are
the presence of oxygen, nitrogen, hydrogen and carbon, which are interstitial elements,
and tend to increase the strength and decrease the ductility. Aluminum is the most
important substitutional solid solution strengthener. Its effect on the strength is linear.
Other, less important sources of strengthening are interstitial solid solution strengthening,
grain size effect, second phase (beta) effects, ordering the alpha, age hardening, and the
effects of crystallographic texture [14].

Also the weld fusion zone in titanium alloy is characterized by coarse, columnar
prior β grains that originate during weld solidification. The size and morphology of these
grains depends on the nature of the heat flow that occurs during weld solidification. Beta
grain size depends primarily on the weld energy input, with higher energy promoting
larger grain sizes. Due to epitaxial grain growth, the fusion zone β grain size may also
depend on the β grain size in the heat affected zone directly adjacent to the fusion line.
The latter effect of the base metal grain size is most significant in the welding of
extremely coarse grain cast or beta annealed alloys. Because weld mechanical properties,
particularly ductility, can be degraded by a coarse prior β grain size, it is important to
maintain as fine a grain structure as possible by minimizing the weld energy input.

Appreciable β grain growth in the near heat affected zone occurs directly adjacent
to the weld fusion line, where peak temperature range from between the alloys solidus
down to the β transus (approx. 995º C) for Ti-6Al-4V. As the fusion zone, the extent of
this growth increases with energy input into the weld zone. Consequently, this region can
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vary markedly in width, being almost unresolvable in electron beam and laser weld and
yet being several β grains wide in gas tungsten-arc welds. Farther from the fusion line,
temperature from the β transus are encountered, which promotes transformation of the α
phase in the mill annealed microstructure to various proportions of the high temperature β
phase. The presence of even small quantities of α phase at peak temperatures in the weld
thermal cycles is sufficient to prevent β grain growth, thereby contributing to the
improved ductility of this region compared to the coarse grain fusion zone and near heataffected zone.

In addition to the prior β grain size, weld zone mechanical properties in Ti-6Al4V are significantly influenced by the manner in which the high temperature, bcc β phase
transforms on cooling to the low temperature cph phase. Characteristics of this
transformed β microstructure depends primarily on the cooling rate from above the β
transus temperature, which is correspondingly influenced by the type of welding process,
process parameters, and other welding conditions(such as work piece geometry and
fixturing).

In the fusion zone and the near heat affected zone regions, the high cooling rates
associated with low energy input welding processes such as laser promotes
transformation of β to α martensite. This extremely fine, acicular transformation product
exhibits high strength and hardness, relatively high ductility and toughness. At lower
cooling rates associated with the gas tungsten arc welding, a coarser structure of
Widmanstatten α plus retained β, or a mixture of this structure and α’, is produced, which
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exhibits yield and tensile strengths superior to those of the mill annealed base metal and
ductility and toughness greater than those of an entirely martensitic microstructure. In the
far heat-affected zone, microstructures are comprised of primary α phase originating from
the base metal microstructure in a matrix of transformed β.

Postweld heat treatments at relatively low temperatures from 450 to 600ºC (750 to
1110 ºF), which are commonly used for stress relief, age the martensitic structure and can
further increase strength and decrease ductility and toughness. At higher postweld heat
treatment temperatures, which are practically limited to about 730 ºC (1345 ºF) for large
fabricated structures, aging of the martensite and subsequent coarsening of the resultant α
phase promote softening of the fusion zone with concurrent increases in ductility and
toughness. Microstructures comprised of Widmanstatten α plus retained β, which are
produced at lower weld cooling rates, are influenced to a lesser extent by postweld heat
treatment at these low to moderate temperatures. However, welds exhibiting these
microstructures are still normally postweld heat treated to relieve residual stresses.

The size and morphology of β grains depends on the nature of heat flow. Under
simple, uniaxial heat flow, such as occurs in a Laser Metal Deposition(LMD), the β
grains nucleate epitaxially on β grains in the base metal substrates and solidify
preferentially in a direction parallel to the maximum temperature gradient (i.e. parallel to
the welding electrodes) until they impinge at a horizontal weld centerline. Under twodimensional heat flow conditions characteristic of full-penetration laser beam, the
columnar β grains solidify inward from the base metal in a direction nearly parallel to the
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sheet or plate surface, ultimately impinging to form a vertical grain boundary at the weld
center-line. Finally, three-dimensional or mixed two-dimensional/three-dimensional heat
flow conditions, such as those present in single-pass and multi-pass tungsten-arc and gas
metal-arc weldments, promote the formation of more complex, multidirectional β grain
morphologies.[17]

Furthermore the use of mini tensile specimen also plays a vital role in
determining the quantified value of the data. The use of this miniature size specimen
tensile testing leaves a possibility of running into the case with larger size grain or the
lath colonies behaving as a single crystal. Having such colonies in the gage section will
show higher values of UTS and YS but it should be noted that these do not necessarily
correspond to the material but to the grain orientation and lath colony behavior.[18]
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5. CONCLUSION

In this research the mechanical properties of repaired Ti64 samples were studied.
An extensive study on the properties of the repaired parts was performed. The study
included preparing the defect for laser deposition, depositing the Ti-6Al-4V by laser,
machining the deposition to complete the repair, and making samples out of the repaired
part for mechanical property testing. The testing was performed to evaluate the yield
strength, ultimate tensile strength, and percentage elongation of the sample created from
the repaired part. The study revealed encouraging results, validating the technique of
repair used in the research as effective. We can also conclude that the repair process can
as well be adopted by the aerospace industry.

The result throws up interesting facts about the research activity. The properties
of the material were enhanced by the compressive stress induced during
deformation. An enhancement of the properties can also be seen from the test specimens
tested from the cutter pull out defect. The properties of the specimens tested with an
undercut defect conform to the properties of the ideal condition of substrate. The average
values of the mechanical parameters (ultimate tensile strength, yield strength, elongation)
tested are very close to that of the ideal values which further backs the repair process
undertaken. The ductility of the repaired samples shows slight enhancement in the
properties without any heat treatment being undertaken on the repaired samples. The
process was well under control which was found from the statistical data analysis. All the
above factors consolidate the approach of the repair process undertaken and validate the
credibility of the research work.
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APPENDIX A
MILLING OPERATION FOR SAMPLE PREPARATION
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The samples were cut from repaired Ti-6Al-4V plate. Using a milling machine
ensures flatness of the surface. However, cutting thin plates out of titanium was difficult
using a slicing tool because the metal tends to pull the tool towards itself which
eventually resulted in tool breakage. Use of a band saw did not show any damage to the
tool but it was a slow process and the surface finish was compromised. The pieces thus
had to be thicker to ensure a flat surface after face milling.
Thin plates, obtained from procedures mentioned above, then had to be milled
using a Fryer 45 - 5X high speed machining center. Since the plate was thin, gripping
and clamping it while machining was difficult. Conventional methods of mechanical
clamping could not be followed. Modified grips with a step or a grove to hold and align
the plate in the vice also did not work.
Hot glue was then tried and successful results were observed. Hot glue
conforms to the shape of the specimen, thereby increasing the total holding surface
area. It also holds the plate from the sides in addition to the bottom.
After holding the plate on aluminum block using hot glue, it was then mounted
in the high speed machining center. This can be achieved using the T-slots in the
machine table or by using a pneumatic fixture. The Ti-6Al-4V plate was then face
milled to get rid of the irregularities generated during the initial slicing of the surface.
This may require removal of a substantial amount of material from the surface and thus
needed to be completed in several steps.
Specific machine parameters are thus set to ensure the surface finish of the
machined surface. A Hy-Pro 0.5” diameter, carbide, flat end mill coated with TiAlN
was used for this operation. All the machining was performed as up-milling with
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compressed cold air used as coolant. Table 1 shows the machining parameters for face
milling operation and Figure 1 diagrams the face milling procedure.

Sr. No

Parameter

Value

1

Tool Diameter

0.5"

2

Spindle RPM

1500

3

Feed rate

24 IPM

4

Engagement

0.05"

5

Depth of cut

< 0.008"

Table 1: Machining parameters for face milling operation

After face-milling, actual tensile specimen profile was cut with a 1 mm
diameter tool with parameters listed in Table 2. The profile was cut at a depth of
0.043”. After this profile cut, the plate was taken off the aluminum plate and was then
remounted but with inverted orientation. The only activity now remaining was to
remove the extra material from the plate such that the specimen profile would remain
sticking to the plate.
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Figure 1: Details about face milling operation

The next step was to clean the specimen and get rid of the burrs and hot glue
stuck to it. In order to accomplish this, the specimens were allowed to sit in an acetone
bath for around 2 hrs. This aided greatly in removing the hot glue. The thickness of the
generated specimen varied between 0.04” to 0.043” with gage widths of 1 mm to 1.1
mm.
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Thus, before testing, the exact thickness and width of the gage sections
were noted. Detailed procedures for sample creation are included in the Table 3.

Sr. No

Parameter

Value

1

Tool Diameter

0.04"

2

Spindle RPM

15000

3

Feed rate

4 IPM

4

Engagement

0.04"

5

Depth of cut

0.01"

Table 2: Machining parameters for specimen profiling operation
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Sr.
No.

Procedure

Hardware
requirement

Time
(min)

1

From the substrate plate cut thin
plates of around 0.08 – 0.1 inch
thickness

Saw blade /
milling machine
with parting tool

5

2

Mount the thin plate onto the
Aluminum fixture plate with the
help of hot glue

Hot plate, Hot
glue, safety gear

45 – 60

3

Mill the top face of plate to get
complete flat surface

Milling machine,
0.5” mill tool

12 – 15

4

Machining specimen profile to the
depth of 0.043 inch

Milling machine,
0.04” mill tool

6

5

Flip the plate over and mount again on
Aluminum fixture plate

Hot plate, Hot
glue, safety gear

45 – 60

6

Mill the other face until the plate
reached required thickness

Milling machine,
0.5” mill tool

15-Dec

7

Unmount the specimens and polish

Polishing
machine with
supplies

30

Total

155 – 190

Table 3: Sample preparation procedure from wrought T-6Al-4V plate

APPENDIX B
TENSILE TESTING OF SAMPLES
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The experimental set up comprises a universal test frame, mounting grips, loading
pins and the test specimen as shown in Figure 2. Tests are conducted as per crosshead
speed control method of ASTM standards. In this method, the testing machine shall be set
to a crosshead speed equal to 0.015 ± 0.003 mm/mm/min [in./in./min] of the original
reduced section. The tests are thus conducted with constant cross head speed of 0.000835
mm/s.

Figure 2: Testing set-up for tensile test for miniature size specimens

Newly designed grips are mounted in universal test frame and are aligned using a flat
plate so that the slot holding the specimen is in the same plane. Specimen then slides in
the slot using a pair of forceps. By matching the holes in the specimen to those in one of
the grip a pin would be inserted. To align the second set of holes, the movable arm of
test frame would be moved and second pin would then be inserted. The setup is now
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ready for testing. In the controlling software, constant cross-head speed of 0.000835
mm/s is specified as discussed above and the test is started. The software records data in
the form of displacement and force applied by the arms.

Finally, when the specimen breaks, both the parts should be gently removed
from the grips and stored carefully. These might be required to analyze fracture surface
structure and microstructure. Table 4 below shows detailed procedure for actual tensile
testing.

Hardware
requirement

Time
(min)

Sr. No.

Procedure

1

Mount the grips designed for mini-tensile
specimens

Grips

2

Align the grips to avoid torsion in the specimen
while testing

Specimen plate

2

Specimen,
forceps, pins

3

3

Mount the specimen in the grips

15 – 18

4

Set various parameters for MTS and start the
test

MTS

2

5

Data collection as the test is running

MTS

15 – 18

6

Take fractured pieces out of the grips and
mount new specimen

Forceps and
pins

Total

Table 4: Tensile testing procedure for mini-tensile specimens

3
40 – 50
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